Abstract Global treatment of drug addiction costs society billions of dollars annually, but current psychopharmacological therapies have not been successful at desired rates. The increasing number of individuals suffering from substance abuse has turned attention to what makes some people more vulnerable to drug addiction than others. One personality trait that stands out as a contributing factor is novelty seeking. Novelty seeking, affected by both genetic and environmental factors, is defined as the tendency to desire novel stimuli and environments. It can be measured in humans through questionnaires and in rodents using behavioral tasks. On the behavioral level, both human and rodent studies demonstrate that high novelty seeking can predict the initiation of drug use and a transition to compulsive drug use and create a propensity to relapse. These predictions are valid for several drugs of abuse, such as alcohol, nicotine, cocaine, amphetamine, and opiates. On the molecular level, both novelty seeking and addiction are modulated by the central reward system in the brain. Dopamine is the primary neurotransmitter involved in the overlapping neural substrates of both parameters. In sum, the novelty-seeking trait can be valuable for predicting individual vulnerability to drug addiction and for generating successful treatment for patients with substance abuse disorders.
Introduction
Globally, 243 million individuals suffer from drug addiction, costing society through increased health care costs, lost productivity, and crime (Burns 2014) . Worldwide treatment of drug addiction costs more than $250 billion per year, but current psychopharmacological therapies have not reached the desired success rates; an estimated 5 % of the world's population remains plagued with addiction, and this number is increasing at an alarming rate (Burns 2014) . We argue that failed efforts to combat substance abuse are attributable to the inability to define what makes some individuals vulnerable to addiction. Of various vulnerability factors, individual differences in personality traits are an important risk factor for addiction. Although many personality traits have been implicated in this trait, novelty seeking stands out as key.
Research findings from studies on both human and animal models of drug addiction indicate that novelty seeking can predict the risk of compulsive use of addictive drugs. Human studies have shown that novelty seeking is associated with vulnerability to use and relapse of drug abuse (Zuckerman and Neeb 1979; Cloninger 1987) . High novelty seeking increases one's risk of using addictive drugs (Piazza et al. 1989; Belin and Deroche-Gamonet 2012) , and multiple studies have found that individuals who display high novelty-seeking traits use more drugs of abuse than do low novelty seekers (Piazza et al. 1989; Koob 2000; Mahoney et al. 2015) . Further, research has demonstrated a positive correlation between novelty seeking and relapse rates for several drugs of abuse among addicts (Meszaros et al. 1999; Kahler et al. 2009; Ismael and Baltieri 2014) .
Novelty seeking as a predisposing personality trait has been validated in animal models of multiple drugs of abuse and reflects a heritable tendency toward exploratory behavior and desire for novel sensations (Cain et al. 2005) . In rodents, reactivity to novel stimuli correlates with drug selfadministration and drug-seeking behaviors (Piazza et al. 1989; Blanchard et al. 2009; Flagel et al. 2010) . After rats are categorized as high or low responders on the basis of behavioral reactivity to a novel environment, high-responder rats consistently self-administer drugs such as amphetamine, cocaine, nicotine, and alcohol at higher rates than do low responders (Piazza et al. 1989; Hooks et al. 1991; Ambrosio et al. 1995; Suto et al. 2001; Nadal et al. 2002; Belin and Deroche-Gamonet 2012; Manzo et al. 2014) .
Molecularly, addiction and novelty seeking show an overlap in the mesocorticolimbic reward pathway of the brain, which are modulated by similar neurotransmitter systems and neural circuits (Krebs et al. 2011 ). Exposure to novel stimuli activates the neural substrates in the brain that also mediate the rewarding and reinforcing effects of drugs of abuse. Response to novelty is modulated by the dopaminergic and non-dopaminergic (e.g., serotonergic, GABAergic, glutamatergic, and opioid) systems in the brain (Koob 2000) . These systems are involved in acquisition and maintenance of drug addiction (Kalivas and Volkow 2011) . However, it is less clear whether novelty seeking mediates the development of compulsive drug use, or if this trait reflects a behavioral adaptation induced by drugs of abuse. Further, individuals who display high novelty seeking may be more prone to experimenting with drugs. Elucidating the molecular mechanisms underlying novelty-seeking behavior in drug-addicted patients will help us to determine the unknowns in this debate.
In this review, we focus on the findings from both human and animal studies and discuss the behavioral and molecular connections between novelty seeking and drug addiction. The questions we address are: (1) what exactly is novelty seeking as it is currently understood in the field? (2) what behaviors related to drug addiction can be predicted using novelty seeking? (3) is the use of all addictive drugs correlated with novelty seeking, or does only a particular group of drugs stand out with a strong correlation to this behavioral trait? (4) because novelty seeking can predict vulnerability to drug addiction, how can we test and quantify this behavior in humans and animals? (5) what are the molecular bases of novelty seeking and its connection to drug addiction? And, (6) what future directions would generate valuable research for the field?
Definition of Novelty Seeking
Novelty seeking is one of the defining characteristics of a sensation-seeking personality in humans (Cloninger 1987; Hiroi and Agatsuma 2005) . As defined by Zuckerman and colleagues, sensation seeking is a Btrait defined by the seeking of novel sensations, and the willingness to take physical, social, legal and financial risks for the sake of such experiences ( Zuckerman et al. 1993) . Novelty serves as a signal that provides motivation to pursue rewards. Individuals who seek novel experiences display overpowering motivational strength that leads to a decreased ability to control their actions, such as compulsive drug use. Individuals who are characterized as high sensation seekers often have high impulsiveness, exploratory excitability, extravagance, and disorderliness (Zuckerman and Neeb 1979; Cloninger 1987; Hiroi and Agatsuma 2005) . High novelty seekers often display high experience-seeking behaviors, boredom susceptibility, and greater rates of bipolar disorder (Zuckerman and Neeb 1979; Zuckerman et al. 1993; Howard et al. 1997 ). These individuals exhibit higher than average rates of sociopathy, such as criminality and substance abuse (Zuckerman et al. 1993; Hiroi and Agatsuma 2005; Flagel et al. 2014) .
Novelty-seeking behavior has been correlated with vulnerability to psychopathological disorders and drug addiction in humans (Zuckerman and Neeb 1979) . Considerable evidence has implicated novelty seeking as a behavioral feature in drug addicts that could be innate (Zuckerman et al. 1993) or result from drug abuse (Ersche et al. 2010) . Defining the noveltyseeking phenotype in humans with psychiatric disorders, including addiction, will give us more detailed information regarding potential treatment. Consequently, researchers attempt to measure novelty seeking in order to predict vulnerability to these psychiatric diseases including addictions.
A parallel between the sensation-seeking trait in humans is novelty-seeking behavior among animals. In rodents, novelty seeking has been defined as a preference for novel objects or environments; high novelty-seeking rodents display enhanced exploratory behavior toward novel situations, objects, or stimuli (Piazza et al. 1989) . In rodents, preference for novelty has been correlated with higher sensitivity to the reinforcing effects of many drugs of abuse, including amphetamine, cocaine, nicotine, and alcohol (Piazza et al. 1989; Hooks et al. 1991; Ambrosio et al. 1995; Suto et al. 2001; Nadal et al. 2002; Belin and Deroche-Gamonet 2012; Manzo et al. 2014) . Measuring novelty-seeking behavior in rodent models that mimic human psychiatric disorders including addiction will help to elucidate the neurobehavioral details of psychopathological conditions.
Measurement of Novelty Seeking in Humans
Novelty seeking is typically measured using questionnaires in humans and behavioral tests in animals. In humans, novelty seeking is often measured alongside harm avoidance and reward dependence, which are three heritable personality traits implicated in the vulnerability to addiction (Zuckerman and Neeb 1979) . Harm avoidance is a tendency to respond intensely to aversive stimuli and to learn to avoid punishment and novelty. Reward dependence is a propensity to respond intensely to stimuli that produce a reward. In particular, individuals who display high novelty seeking, low harm avoidance, and high reward dependence may be at greater risk for substance abuse (Zuckerman and Neeb 1979) . Cloninger and associates suggest that the three dimensions of harm avoidance, novelty seeking, and reward dependence are correlated with high serotonergic activity, low dopaminergic activity, and low noradrenergic activity, respectively (Cloninger et al. 1991) , although more recent studies have proposed different neurobiological explanations for these aspects of personality (Hooks et al. 1994; Tournier et al. 2013; Flagel et al. 2014) .
Three of the most commonly used assessments of novelty seeking in humans are shown in Table 1 . Briefly, the Tridimensional Personality Questionnaire (TPQ) measures personality dimensions (harm avoidance, novelty seeking, and reward dependence) in a 100-item, self-administered, true/false test format (Cloninger 1987; Cloninger et al. 1993 ). The TPQ is intended to correspond closely to the underlying genetic structure of personality rather than to individual adaptations to experiences (Cloninger et al. 1991) . A similar test, the Zuckerman Sensation Seeking Scale (SSS), specifically measures sensation seeking (Zuckerman 2007) . The SSS contains 40 items in a forced-choice format and has four subscales. Cloninger's Temperament and Character Inventory (TCI) measures a constellation of personality traits (Cloninger 1987; Cloninger et al. 1993) . The TCI contains 226 items in a true/false format, encompassing seven subscales in two major categories.
Other assessments of novelty-seeking behavior in humans include the Zuckerman-Kuhlman Personality Questionnaire (ZKPQ), a true/false test that measures impulsivity and sensation seeking (Zuckerman and Neeb 1979) , as well as other self-reporting questionnaires and surveys that quantify novelty-seeking behavior in various formats. The ZKPQ is designed to measure a variety of personality traits in addition to risk-taking behaviors (Zuckerman et al. 1993 ). This questionnaire consists of 99 items in a true/false format, including five subscales plus items to detect inattention and socially desirable responding (Zuckerman et al. 1993) . Finally, the Arnett Inventory of Sensation Seeking (Ahituv et al. 2007 ) is designed to assess sensation seeking, defined specifically as Bthe need for novel and intense stimulation^ (Arnett 1994) . The AIS contains 20 items on 4-point scales to which participants respond on the basis of agreement (Arnett 1994) . The two subscales in this inventory are novelty and intensity. There have been studies investigating correlations among assessments of novelty-seeking behavior in humans. For example, Zuckerman and Cloninger (1996) reported a high correlation between Zuckerman's impulsive sensation-seeking scale and TCI's novelty-seeking scale. Moreover, the novelty-seeking scale from the TPQ is positively correlated with the behavioral task of risk preference, as measured by a probabilistic decision-making task and negatively correlated with the brain activation elicited by risk prediction in the insula, striatum, and supplementary motor area (Wang et al. 2015) .
Measurement of Novelty Seeking in Animals
Several behavioral tests have been proposed for measurement of novelty-seeking behavior in rodents ( Table 2 ). The open field arena test is the most commonly used behavioral paradigm. Depicted in Fig. 1 , this test measures locomotor activity by providing an inescapable environment in which rodents are placed in an apparatus. The following behavioral parameters are recorded: time spent in the center versus the sides and movements against a floor grid. However, the open field arena test forces animals to be in an enclosed environment, provoking a strong fear response (Cain et al. 2005) . Rodents display elevated serum concentrations of corticosterone when exposed to inescapable novelty tasks such as the open field test (Cain et al. 2005) . Anxiety-related behaviors outweigh exploratory behaviors during the test session. Therefore, this test may provide detailed information about anxiolytic drugs and their effects on novelty-seeking behavior. Another disadvantage of this test is that locomotion can differ independently from neophilia (Brown and Nemes 2008) . One test that overcomes the aforementioned problems is the hole-board test, which more directly measures novelty-seeking behavior by providing free-choice novelty. As shown in Fig. 2 , this test requires that animals be placed in a hole-board, an enclosed box with equally spaced holes (Boissier and Simon 1962) . Researchers measure dependent variables that include nose poking and head dipping, which directly represent exploratory behavior independent of locomotor activity. Other behavioral tests used are the elevated plus maze and the light-dark box test. These two tests are based on the innate aversion of rodents to brightly lit environments; high novelty seekers would spend more time in the open or light regions of each test than would low novelty seekers (Hascoet et al. 2001; Crawford et al. 2013 ). However, these two tests directly measure anxiety-and stress-related behaviors and subsequent effects on novelty-seeking behaviors. In the elevated plus maze test, a maze is elevated above the surface and generally consists of four arms; two arms are considered Bopen^because of full exposure, while the other two arms are considered Bclosedb ecause of the wall enclosure (Crawford et al. 2013) . The light-dark box test consists of an apparatus that contains a dark, enclosed compartment and a brightly illuminated Baversive^partition (Hascoet et al. 2001) . In fact, researchers who selectively breed rats for novelty-seeking behavior often use these two tests. In short, the hole-board test may be more advantageous to researchers who are examining noveltyseeking behavior among naïve rodents. In contrast, researchers may choose to utilize the open field arena test, the elevated plus maze test, and the light-dark box test when studying selectively bred rodent lines.
Genetic Effects on Novelty Seeking and Addiction
Although most personality traits have a heritability (i.e., the proportion of phenotype variability that can be attributed to genetic variation) of only approximately 30 %, the heritability Pure-hearted vs self-serving 9 Self-transcendence (Character)
Self-forgetful vs self-conscious 11
Transpersonal identification 9 Spiritual acceptance vs materialism 13 of novelty seeking was estimated to reach nearly 60 % in humans (Zuckerman et al. 1993 ). This estimate had been quantified in non-human primate studies as well (Fairbanks et al. 2011; Greenwood et al. 2013) , with an estimated value ranging from 0.35 to 0.43 (Fairbanks et al. 2011) . Further, novelty seeking as a heritable behavioral trait has received support from selective breeding of High Responder (HR) and Low Responder rats in the open field test (Stead et al. 2006; Flagel et al. 2014) . Eight generations of selection for novelty-seeking behavior result in a consistent phenotype, such that the phenotypic differences in response to novelty can be predicted with >95 % certainty (Cummings et al. 2011 ). An HR line exhibits relatively high exploratory behavior, whereas an LR line displays low affinity for a novel environment. Stead and colleagues used these selected lines to determine the heritability of the novelty-seeking trait in Sprague-Dawley rats; it proved to be 35.8 % in the first generation. In other words, more than a third of the phenotypic (Hascoet et al. 2001) Special soŌware is used to track the rodent's posiƟon as it moves from the center to side areas of the arena. DigiƟzed pictures are created within the soŌware in relaƟon to the rat's posiƟon to XY coordinates in the arena.The number of entries to the center and side areas are recorded automaƟcally and by experimenters as the rat moves through the arena.
Video Camera HVS Image VP112 DigiƟzer Fig. 1 Illustration of open field arena test, one of the most commonly used behavioral paradigms to test novelty-seeking behavior in rodents. This test provides an inescapable environment in which rodents are placed in an apparatus, with the following parameters being recorded for each animal: time spent in the center versus the sides and movements against a floor grid. Because of the enclosed environment, the open field test provokes a strong fear response in rodents, as measured by elevated corticosterone concentrations. This test directly measures locomotion, which can vary independently of neophilia. As such, this test is utilized by researchers who are testing anxiety in addition to novelty-seeking behavior in rodents
The head dip and nose poke behavior of rodents can be detected by special moƟon sensors that are located at the boƩom of each hole. Sensor-detected nose pokes and head dips in each hole are then transferred to the computer and are recorded. These novelty seeking related parameters are also manually recorded by experimenters. By using the video camera system, the mobility of rats can be also monitored.
Video Camera HVS Image VP112 DigiƟzer Fig. 2 Illustration of hole-board test, a free-choice novelty-seeking behavioral task test for rodents. The apparatus is an enclosed box with equally spaced holes; the following behavioral parameters are measured during the test session: head dipping, nose poking, rearing, and grooming. Head dipping and nose poking represent exploratory behaviors that are independent of locomotor activity. Compared with the open field arena test (see Fig. 1 ), the hole-board test more directly measures noveltyseeking behavior, because it has not been shown to elevate the corticosterone concentration. The hole-board test is advantageous to researchers studying novelty-seeking behavior in naïve rodents variance within the founding generation's offspring was attributable to heritable factors. After the fourth generation, the rate increased to more than 60 % (Stead et al. 2006) . Further, human and animal studies have strongly indicated that the likelihood of abusing drugs is heritable (Han et al. 1999; Kendler et al. 2003; Agrawal and Lynskey 2008) . Heritabilities have been determined for addiction to several types of drugs, including alcohol, nicotine, amphetamine, cocaine, and opiates. Walters showed that the upper limit for heritability of alcohol misuse in humans was 0.36 (Walters 2002 ). Li and colleagues determined that the heritability of smoking initiation among humans ranges from 0.37 to 0.55 and that of smoking persistence is 0.46 to 0.59 (Li et al. 2003 ). Nesil and colleagues demonstrated that the heritability for high nicotine intake was 0.26 in rats after nine generations of selective breeding (Nesil et al. 2013) . Heritability for amphetamine selfadministration was estimated to be 0.74 among inbred rats (Meyer et al. 2010) and that for cocaine abuse in humans ranges from 0.42 to 0.79 (Agrawal et al. 2012 ). The heritability for opiate dependence in humans is estimated to be 0.43 (Weyandt 2005) .
Taken together, these findings indicate that the propensity for substance abuse reflects in part a genetic predisposition that manifests as certain personality traits. These traits, such as novelty seeking, lead an individual to respond strongly to novel stimuli, including drugs of abuse (Flagel et al. 2014 ).
Novelty Seeking and Addiction
Vulnerability to substance abuse is multifaceted, modulated by genetic, environmental, and neural components (Fig. 3) . Even so, high novelty seekers have a greater propensity to first experiment with drugs. These individuals are thought to gravitate toward novel stimuli and respond rapidly to cues for reward despite potential punishment, an indicator of drug addiction (Flagel et al. 2014) . To that end, novelty-seeking behavior is positively correlated with vulnerability to externalizing disorders such as drug dependence (Finn et al. 2002) . High novelty seekers have a propensity for earlier and more varied use of drugs in comparison with the general population (Sutker et al. 1978; Cloninger 1987) . These individuals often report pleasure and curiosity as motivation for initial drug use and continue seeking and using drugs of abuse in order to maintain these satisfying feelings (Sutker et al. 1978) . In addition, novelty-seeking, combined with impulsivity is related with craving and relapse in alcohol dependence (Evren et al. 2012) . Furthermore, maladaptive levels of novelty-seeking behavior may mediate internalizing disorders, such as depression, anxiety, and panic disorders, which also can lead individuals to initiate drug use in order to self-medicate (Khan et al. 2005) . High novelty seeking is not a broad predictor of all psychiatric disorders, but it is highly predictive of drug dependence (Zuckerman and Neeb 1979; Khan et al. 2005; Flagel et al. 2014) . Studies have shown that high novelty seekers use more alcohol and illicit substances than low novelty seekers (Zuckerman and Neeb 1979; Cloninger 1987) . Taken together, novelty seeking provides a broad spectrum on which researchers can predict vulnerability to many types of psychiatric disorders. Animal models present a significant investigatory platform to determine the link between noveltyseeking behavior and addiction.
Behavioral Connection Between Novelty Seeking and Addiction Animal Studies
The connection between novelty-seeking behavior and drug addiction has been widely studied in outbred and inbred rat strains using multiple drugs of abuse. Individual differences in vulnerability to addiction were investigated in animal studies beginning more than 20 years ago. Piazza and colleagues first showed the correlation between novelty-seeking behavior and drug addiction in outbred Sprague-Dawley rats (Piazza et al. 1989 ). Vulnerability to amphetamine intake was predicted by novelty seeking, measured by the open field arena test. Rats with high novelty-seeking scores were more likely to selfadminister amphetamine and at higher doses than low novelty seekers (Piazza et al. 1989) . A decade later, Bevins and colleagues demonstrated that there are individual differences in novelty-seeking behavior by using the novel place-preference test in outbred rats. In this task, rats were grouped into high and low responders to novelty and were subsequently tested for their responsively to amphetamine. The results showed that high responders had greater sensitivity to the activating effects of this drug (Bevins et al. 1997) .
Considerable data have shown results consistent with those of these studies; cocaine, nicotine, morphine, and ethanol also display the positive correlation between novelty seeking and drug intake (Flagel et al. 2014 ). Belin and Deroche-Gamonet demonstrated that compulsive use of cocaine could be predicted by novelty seeking (Belin and Deroche-Gamonet 2012) . Piazza and colleagues showed that high novelty seekers of outbred Sprague-Dawley rats began cocaine selfadministration after receiving low cocaine doses and a vertical shift in dose-response functions (Piazza et al. 2000) . The study reported by Gulley and colleagues highlights the influence of a single cocaine exposure on subsequent behavioral responses to the drug. In their study, rats were grouped into high and low responders by response to initial cocaine exposure in a novel environment (Gulley et al. 2003) . High novelty seekers of outbred Sprague-Dawley rats also selfadministered amphetamine at doses that did not induce selfadministration in low novelty seekers (Piazza et al. 1989 ).
High novelty-seeking behavior also is predictive of the degree of nicotine self-administration among outbred SpragueDawley rats (Suto et al. 2001) . High novelty seekers selfadministered nicotine more frequently and worked more to acquire the drug than did low novelty seekers (Suto et al. 2001) . Lewis, Fischer 344 (F344), NCI-Black Reiter (Cummings et al. 2011) , and August-Copenhagen Irish (ACI) rats exhibit a positive correlation between locomotor response to a novel environment and morphine self-administration (Ambrosio et al. 1995) . Zheng and colleagues demonstrated that the response to novelty in both juvenile and adult Sprague-Dawley rats determined the magnitude of morphine's rewarding effects (Zheng et al. 2003) . Finally, studies show a positive correlation between ethanol self-administration and novelty-seeking behavior (Nadal et al. 2002; Manzo et al. 2014) . Pelloux and colleagues recently demonstrated that novelty seeking strongly predicted the amount of ethanol consumption among Wistar rats (Pelloux et al. 2015) . All in all, noveltyseeking behavior among outbred rat lines can predict with high consistency the intake rates of several drugs of abuse.
Recent studies using outbred Sprague-Dawley rats have suggested new insights into the treatment of addiction. High novelty seekers preferentially self-administer natural rewards such as saccharin over addictive drugs such as cocaine (Vanhille et al. 2015) . In turn, the vulnerability to addiction as a result of high novelty seeking may be offset by providing non-drug rewards at early stages of drug use in order to prevent the transition to compulsive drug abuse (Vanhille et al. 2015) . For example, addicts may benefit from treatment that incorporates exercise as a non-drug reward.
Another approach to clarifying the behavioral connection between novelty seeking and addiction is to breed rats selectively on the basis of individual extents of locomotor response to a novel environment (Stead et al. 2006 ). Stead and colleagues first proposed a study to breed rats selectively in order to develop HR and LR lines and to study novelty seeking in the context of addiction (Stead et al. 2006; Davis et al. 2008 ). Davis and colleagues confirmed the reliability of using these rat lines to examine novelty seeking, as HR rats responded with significantly greater locomotor activity in a novel environment (Davis et al. 2008 ). The HR rats also displayed lower anxiety-like behaviors than did LR rats, indicating that HR rats have greater exploratory behavior as well as less anxiety (Davis et al. 2008 ). These results imply that these behavioral traits work synergistically to increase drug self-administration (Belin and Deroche-Gamonet 2012). Flagel and colleagues found consistent results among selectively bred HR and LR lines, in that HRs displayed an increase in drug-seeking behavior, greater response to the rewarding effects of drugs such as cocaine, and a greater tendency to relapse after treatment (Flagel et al. 2010 ). Additionally, after cocaine administration, high novelty-seeking rats displayed greater locomotor activity in a novel environment than did low novelty seekers (Flagel et al. 2010 ). These researchers concluded that selectively bred HR rats exhibit Bbehavioral disinhibition^and may represent one end of the continuum of addiction-vulnerable populations (Flagel et al. 2010) . Rodent behavioral experiments confirming human findings provide further evidence of novelty seeking as a contributing factor in drug abuse.
Human Studies
Human studies have validated animal study findings that maladaptive degrees of novelty-seeking behavior are correlated with substance abuse. These abnormalities are also correlated with age; a difference exists in novelty-seeking behavior between adolescents and adults. Not surprisingly, adolescents display higher levels of novelty-seeking behavior than do adults, so they are at higher risk for developing substance use disorders (Spear 2000; Bernheim et al. 2013 ). During Fig. 3 Contributing factors to drug addiction, portraying the multifaceted vulnerability to substance abuse and its relation to novelty-seeking behavior. There is no clear cause-and-effect relation between novelty-seeking behavior and drug addiction. Rather, these two phenotypes synergistically influence each other, along with an intricate network of contributing factors including age, genetic predisposition, use of addictive drugs, and environmental factors adolescence, novelty seeking as a personality trait is strongly predictive of drug use later in life, a fact that holds true for many types of drugs, such as depressants, psychostimulants, opiates, and hallucinogens (Andrucci et al. 1989 ). In a seminal study published by Andrucci and colleagues, adolescent sensation seeking was strongly correlated with drug use; specifically, high Sensation Seeking Scores strongly predicted drug use and not drug nonuse (Andrucci et al. 1989 ). This study indicated a positive correlation between sensation seeking and abuse of alcohol, amphetamines, barbiturates, caffeine, cocaine, hallucinogens, marijuana, and tobacco (Andrucci et al. 1989 ). Cloninger and colleagues showed that in 431 children, novelty seeking was strongly predictive of early-onset alcohol abuse (Cloninger 1987 ). Comeau and colleagues found consistently that sensation seeking mediates a motivation for alcohol use among adolescents (Comeau et al. 2001) . A study of 2733 high school students demonstrated that Sensation Seeking Scores positively correlated with recent use of alcohol and tobacco (Schepis et al. 2008) . Further adolescent studies have highlighted the finding that sensation seeking is the best predictor of adolescents engaging in risky behaviors, including drug use (Stautz and Cooper 2013) . Sensation seeking peaks during the late adolescent years, so many individuals of this age initiate drug use; in turn, they experience enhanced responses to these drugs (Kandel et al. 1994; Spear 2000; Blanchard et al. 2009 ). Because drug use has already commenced, during adulthood, although novelty-seeking behavior may decrease, use continues.
Among adults, novelty-seeking behavior as part of a human personality increases vulnerability to addiction and reflects in part a psychobiological adaptation in the response to chronic substance exposure (Koob 2000; Belin and Deroche-Gamonet 2012) . In adults, novelty-seeking behavior can predict vulnerability to initiation of self-administration and to compulsive drug use (Belin and Deroche-Gamonet 2012) . Leyton and colleagues demonstrated a positive correlation between novelty seeking and amphetamine-induced drug wanting (Leyton et al. 2002a ). Mahoney and colleagues found that individuals with cocaine or methamphetamine use disorders had significantly higher Sensation Seeking Scores across both drug groupings than did healthy controls (Mahoney et al. 2015) . A recent study of 8646 adult individuals using the TCI showed that novelty seeking was the trait most associated with the use of alcohol, cannabis, and cocaine (Schneider et al. 2015) . In addition, high novelty seeking or sensation seeking is associated with an increased frequency and amount of drug use, as well as an increased risk for using addictive drugs and developing addiction (Hawkins et al. 1992) . Individuals with high sensation-seeking status showed greater sensitivity to the psychostimulant-like effects of damphetamine on self-report measures that were associated with the reinforcing effects of drugs (Kelly et al. 2006) . Furthermore, novelty seeking is correlated with the magnitude of amphetamine-induced increases in extracellular dopamine in the ventral striatum. Leyton and colleagues reported that individuals with high novelty seeking showed greater amphetamine-induced dopamine release and amphetamineinduced drug wanting (Leyton et al. 2002b ). Based on the aforementioned evidence, an individual displaying high novelty seeking can be vulnerable to developing addiction due to increased sensitivity to the reinforcing effects of psychostimulants. This information may provide insight into establishing prevention strategies aimed at reducing the incidence of high-risk behaviors.
In addition, high novelty seeking or sensation seeking is associated with a greater frequency and amount of drug use, as well as with a higher risk of using addictive drugs and developing addiction (Hawkins et al. 1992) . Individuals with high sensation-seeking status showed greater sensitivity to the psychostimulant-like effects of d-amphetamine on self-report measures that were associated with the reinforcing effects of drugs (Kelly et al. 2006) . Furthermore, novelty seeking is correlated with the magnitude of amphetamine-induced increases in extracellular dopamine in the ventral striatum. Leyton et al. (2002a, b) reported that high novelty seeking predicted greater amphetamine-induced dopamine release and desire for the drug. In view of the aforementioned evidence, an individual displaying high novelty seeking appears vulnerable to developing addiction because of his or her higher sensitivity to the reinforcing effects of psychostimulants. This information may provide insight into effective prevention strategies aimed at reducing the incidence of high-risk behaviors, including drug addiction.
There is some disagreement regarding whether novelty seeking can predict cessation outcomes. Carton and colleagues found that, consistent with other human studies, smokers scored highly on Sensation Seeking Scores, but that sensation seeking predicted only initiation of smoking and was not related to cessation outcomes (Carton et al. 2000) . Conversely, other studies in human adults have confirmed the idea that cessation outcome and relapse rates can be predicted by novelty seeking (Meszaros et al. 1999; Kahler et al. 2009; Ismael and Baltieri 2014) . For example, Meszaros and colleagues demonstrated that novelty seeking was a strong predictor of relapse among detoxified alcohol-dependent patients (Meszaros et al. 1999 ). Kahler and colleagues found that the level of sensation seeking was in fact negatively correlated with smoking cessation success; high sensation seekers faced reduced odds of cessation compliance and outcomes (Kahler et al. 2009 ). Ismael and Baltieri found that novelty seeking was positively associated with craving intensity among cocaine-dependent outpatients in therapy (Ismael and Baltieri 2014) . On the other hand, both impulsivity and noveltyseeking might be related with craving and relapse in alcohol dependence. In particular, extravagance of novelty-seeking using TCI was related with relapse both directly and indirectly via craving, whereas impulsivity was related with relapse only indirectly via craving (Evren et al. 2012 ).
Molecular Connection Between Novelty Seeking and Addiction
The molecular connection between novelty seeking and addiction on the cellular and neural network level has not been fully elucidated. New findings indicate that the same neural networks and neurotransmitters at the synaptic connections modulate the response to both novel stimuli and addictive drugs. Few studies assess the effects of these elements on the gene sequence, extent of expression, protein structure, and the function of neurotransmitter systems within and between neural networks. In fact, the response to both novel stimuli and addictive drugs clearly is modulated by the mesocorticolimbic dopamine system of the brain. This pathway is mostly associated with stimulation of the reward system. Naturally rewarding stimuli can enhance the activity of dopaminergic neurons and lead to dopamine release in the neural networks of the mesocorticolimbic system. Dopaminergic transmission between the ventral tegmental area (VTA) and the nucleus accumbens (NAc) functions as the main reward site of this neural network. Different neurotransmitter projections arising from several cortical and limbic regions of the brain also modulate the activity of the central reward system as an integrated neural network. Both novelty and drugs of abuse activate the central and integrated natural reward system by increasing the activity of dopamine fibers in the VTA-NAc reward circuit (Bardo et al. 1996) . Dopamine stands out as the central neurotransmitter regulating this reward circuit, directly connecting the VTA and the NAc. Other neurotransmitters, such as serotonin, glutamate, GABA, opioid peptides, and norepinephrine, are secondary to dopamine, as they act in part to regulate the dopaminergic system. Novel stimuli and some drugs of abuse such as cocaine directly affect dopamine release in the brain. Other addictive drugs such as alcohol act on these secondary neurotransmitter systems, indirectly affecting dopamine release and altering the activity of the reward pathway in the brain (Cloninger 1987) .
Understanding how certain drugs of abuse and novel stimuli alter the neuronal and molecular circuitry of the natural reward system in the brain is critical for understanding the molecular link between novelty seeking and drug addiction. Koob summarized the effects of several drugs of abuse, particularly focusing on key neurotransmitters such as dopamine, opioid peptides, serotonin, GABA, and glutamate (Koob 2000) . Dopamine acutely mediates the rewarding effects of psychostimulants such as cocaine, nicotine, and amphetamines (Koob 2000) . Blum and colleagues stressed the importance of dopamine in addiction; in their words, Ball roads lead to dopamine^ (Blum et al. 2012) . Opioid peptides are neuromodulators that can be produced by the body; opiate drugs mimic these peptides and are competitive antagonists that bind to the opioid receptors (Koob 2000) . The mu (μ) opioid receptor has been indicted in opiate addiction; for example, Matthes and colleagues showed that mice lacking this receptor subtype do not respond the rewarding effects of morphine (Matthes et al. 1996) . Serotonin, GABA, and glutamate, in addition to dopamine, have been linked to the reinforcing effects of alcohol; Koob describes ethanol's reinforcing effects as an Borchestra^of these combined neurotransmission systems (Koob 2000) . Also, GABA is a key modulator of both ethanol and benzodiazepine effects; this hypothesis is supported by the reversal of ethanol's behavioral effects through GABAergic antagonists (Koob 2000) . Kalivas and Volkow describe the glutamatergic projections from the prefrontal cortex through the NAc as being key mediators in the development of addiction (Kalivas and Volkow 2011) . Drugs of abuse such as cocaine, nicotine, and heroin reduce the extracellular concentration of glutamate, the major excitatory transmitter in the brain. In addition, ethanol antagonizes glutamatergic transmission (Koob 2000; Kalivas and Volkow 2011) . Studies with human and animal models of alcohol addiction show that a decrease in GABA inhibition in the central nervous system (CNS) can raise the extracellular glutamate concentration during withdrawal, resulting in hyperexcitability (Rossetti and Carboni 1995; Faingold et al. 2000; Koob 2000; Cagetti et al. 2003; Gomez et al. 2012) .
These neurotransmission systems have also been proposed to mediate novelty-seeking behavior. Cocaine increases dopamine release in the NAc and, to a greater extent, in high novelty-seeking than in low novelty-seeking rodents (Hooks et al. 1991) . Similarly, amphetamine induces dopamine release in human brains, and a high novelty-seeking score predicts greater amphetamine-induced dopamine release and further drug-seeking behavior (Leyton et al. 2002a) . Serotonin is a mediator of novelty-seeking behavior; high novelty seekers generally exhibit low responsiveness of the serotonergic system (Netter et al. 1996) . Evenden suggested that the association between low tissue serotonin concentrations and low impulsivity; serotonergic system underactivity may impact novelty-seeking behavior in humans secondary to serotoninrelated impulsivity changes (Evenden 1999) . Parallel findings have shown the same behavioral and molecular pattern in rodent studies involving median forebrain lesions. Rats with decreased serotonergic activity show an increase in the rate of amphetamine self-administration (Leccese and Lyness 1984) .
In short, we know that drugs of abuse affect these neurotransmission systems and that novelty-seeking behavior has been linked to nearly all categories of addictive drug use. Thus, further studies that examine the role of neurotransmitters other than dopamine in mediating novelty-seeking behavior may provide greater insight into the underlying molecular connection between the novelty-seeking personality trait and vulnerability to addiction.
Because of its role as the primary neurotransmitter in the reward pathway of the brain, the dopaminergic system has been more fully examined as a mediator of novelty-seeking behavior and substance abuse than have other neurotransmitter systems. Cloninger argued for a baseline difference in mesolimbic dopaminergic signaling between high and low novelty seekers, that individual variations in the brain's Bbehavioral activation system^lead high novelty seekers to exhibit greater rewards from drugs of abuse (Cloninger 1987) . He suggested that low basal firing of midbrain dopaminergic neurons that project from the VTA to the NAc may be observed in high novelty seekers; in turn, they are more sensitive to any release of dopamine that would result from using a drug of abuse. This hypothesis is supported by the fact that alcoholics typically have low levels of dopamine and its metabolites in cerebrospinal fluid samples (Cloninger 1986) .
Conversely, other studies have found that rats exhibiting novelty-seeking behavior are basally hyperdopaminergic (Marinelli and White 2000; Nadal et al. 2002) . Marinelli and White (2000) demonstrated that high novelty-seeking rats exhibited higher basal firing rates in the VTA. Flagel and colleagues used fast-scan cyclic voltammetry on rats selectively bred for novelty-seeking behavior and found that high novelty seekers displayed a greater frequency of spontaneous dopamine release in the NAc (Flagel et al. 2010) . High noveltyseeking rats also have been shown to display both a greater behavioral output response to an infusion of dopamine into the NAc and fewer dopamine receptor 2 (D2R) binding sites in this region and the striatum (Hooks et al. 1994; Tournier et al. 2013; Flagel et al. 2014 ). Tournier and colleagues demonstrated that high novelty-seeking rats had innately lower concentrations of D2R in the substantia nigra (SN) and VTA than did low novelty-seeking rats; these low concentrations may result in a specific pattern of dopaminergic signaling that underlies vulnerability to addiction (Tournier et al. 2013) . However, these researchers conceded that the hyperdopaminergic activity could be the cause or the result of these low concentrations of D2 receptor function. Flagel and colleagues stated that there are more high-affinity D2 receptors in high than in low novelty-seeking rats but that the total number of dopaminergic receptors may be constant (Flagel et al. 2014) . Those investigators concluded that the D2 high receptor proportion represents individual differences in vulnerability to drug rewarding effects; a larger proportion represents the most addictionvulnerable individuals because of the hypersensitivity to dopamine release induced by certain drugs (Flagel et al. 2014) . The research on the mechanisms regulating dopamine uptake and release has implicated the dopamine transporter as having a key role in this action (Lim et al. 2012; Sabeti et al. 2002; Chefer et al. 2003; Gulley et al. 2003; Zhu et al. 2005) . These studies have shown that there exists a negative correlation between DAT and novelty-seeking behavior, and this correlation can affect the response to drugs of abuse, particularly nicotine and cocaine.
A common approach to understanding the link between novelty seeking and addiction in animals is to identify brain regions that are well established to be associated with both novelty seeking and addiction and then to examine genetic similarities and differences in these regions between high and low novelty seekers. Brain regions linked to individual differences in novelty seeking and addiction include the NAc (Flagel et al. 2010) , VTA (Marinelli and White 2000) , prefrontal cortex (PFC) (Bernheim et al. 2013) , and hippocampus (Fumagalli et al. 2003; Flagel et al. 2010) . Addiction studies have further implicated the striatum (Toda 2012) , arcuate nucleus (Koob 2006) , ventral palladium (Mahler et al. 2014) , amygdala (See et al. 2003) , and raphe nuclei (Kirby et al. 2011) . High-resolution functional magnetic resonance imaging (fMRI) has demonstrated that distinct clusters within these brain regions are modulated primarily by the anticipation of reward and novelty (Krebs et al. 2011) . Fig. 4 illustrates the neurotransmitter systems that modulate the response to rewarding stimuli.
Several genes have been singled out as being associated with a novelty-seeking phenotype. Allelic heterogeneity in the dopamine D 4 receptor gene (DRD4) has consistently been associated with novelty seeking; Okuyama and colleagues first demonstrated that polymorphisms in the human DRD4 exon III could contribute to individual differences in noveltyseeking behavior (Okuyama et al. 2000) . Specifically, the −521 C/T polymorphism was significantly associated with novelty seeking among adult males (n = 86) using the TCI. Multiple studies have confirmed the view that this polymorphism mediates novelty-seeking behavior, including studies with subjects displaying extreme phenotypes, animal models including gene knockouts, and studies investigating the evolutionary history of the DRD4 exon III polymorphism (Ronai et al. 2001; Bookman et al. 2002; Eichhammer et al. 2005; Golimbet et al. 2005; Ebstein 2006) . Substance abuse has also been linked to DRD4; genome scans for genetic linkage to drug addiction have shown a region on chromosome 11p (D11S1984) that includes the DRD4 locus (Long et al. 1998) . Recently, Thanos and colleagues found that DRD4 has an important role in novelty-seeking behavior in male mice and that the extent of such behavior positively correlated with alcohol consumption (Thanos et al. 2015) .
The val 158 met polymorphism of the catechol-Omethyltransferase gene (COMT) (rs4680), whose protein is involved in the degradation of dopamine, has been implicated in the novelty-seeking trait (Hosak 2007; Montag et al. 2012) . Val 158 allele carriers display more resilience in their temperament (Kang et al. 2013) , whereas Met 158 carriers have a higher risk of emotional dysregulation (Kempton et al. 2009 ). The link between COMT and novelty seeking was shown by Chen and colleagues, who demonstrated that males (n = 250) carrying the Val/Val genotype displayed lower novelty seeking (Chen et al. 2011 ). An earlier study by Hosak and colleagues found consistent results, in that 37 individuals who carried the Met/Met genotype displayed higher novelty seeking (Hosak et al. 2006) .
The serotonin receptor 2A gene (HTR2A) also mediates novelty-seeking behavior (Heck et al. 2009; Nakamura et al. 2010 ). Heck and colleagues examined 17 genes involving serotonergic and dopaminergic signaling that had been associated with the novelty-seeking personality trait (Heck et al. 2009 ). This gene was associated with novelty seeking; specifically, two intronic SNPS, rs2770296 and rs927544, located within this gene correlated with novelty seeking (Heck et al. 2009 ).
The dopamine receptor 2 gene (DRD2) has been linked to both substance abuse and novelty-seeking behavior (Blum et al. 1990; Compton et al. 1996; Lawford et al. 2000) . Subjects with the DRD2 TaqI A1 allele have fewer dopamine D2 receptors in the striatum and are basally hypodopaminergic (Compton et al. 1996) . Alcoholism and opiate dependence also have been linked to polymorphisms in DRD2 (Blum et al. 1990; Lawford et al. 2000) .
Taken together, these findings provide further evidence for the molecular link between novelty seeking and drug addiction. However, because various studies examining this gene in the context of both addiction and novelty seeking have provided contradictory evidence (Bolos et al. 1990; Lu et al. 1996; Crettol et al. 2008) , much remains to be elucidated. Nonetheless, studies in both animals and humans looking at the behavioral and molecular connections between novelty seeking and drug addiction provide new insights into using this phenotype for creating preventative and curative measures for addiction-vulnerable individuals.
Conclusions and Future Directions
The body of research in the field has provided solid evidence for association but not for causality between novelty seeking and addiction. If the correlation is truly causal, then individuals who display underlying high novelty seeking will be more likely to experiment with drugs, transition to compulsive drug use, and develop addictive behaviors. However, if addiction precedes high novelty seeking, then individuals who compulsively abuse drugs may experience psychobiological adaptations in the brain that increase novelty-seeking behavior. Of course, the relation between novelty seeking and substance abuse could be a combination of input and output, whereby high novelty seekers are more likely to initiate drug use and then experience adaptations that lead to even higher measures of novelty seeking. Fig. 4 Illustration of the neurocircuitry involved in the response to rewarding stimuli, including drugs of abuse and novelty. Dopamine (DA) plays a key role in this system, through excitatory projections directly connecting the ventral tegmental area (VTA) with the nucleus accumbens (NAc) and prefrontal cortex (PFC). Other excitatory neurotransmitters include glutamate, serotonin (5-HT), opioid peptides (OP), and acetylcholine (ACh). A major inhibitory neurotransmitter of this reward system is GABA, connecting the VTA, NAc, PFC, thalamus, and ventral palladium. Other brain regions implicated in the response to rewarding stimuli include the hippocampus, amygdala, raphe nuclei, striatum, and arcuate nucleus Future research should include assessing the effect of age on novelty seeking and addiction. Because it is well established that age affects novelty seeking in addition to substance abuse development, these studies would provide important insights into how to prevent and treat drug addiction. Human studies would provide good evidence for a relation; animal models may demonstrate in a controlled setting the causation between age and novelty seeking on drug addiction-related behaviors. Furthermore, because the causal relation between novelty seeking and drug addiction is still not entirely clear, researchers may wish to carry out animal studies that demonstrate how novelty seeking and addiction development are connected to each other temporally. It may also be of interest to examine the difference in self-administration between stimulants and sedatives in high and low novelty seekers, as high novelty seekers might prefer cocaine to benzodiazepines, for example, as reported by Blanchard and colleagues (Blanchard et al. 2009 ). Further studies elucidating the link between various mental illnesses, novelty seeking, and substance abuse may also enrich the field; for example, Dervaux and coworkers hypothesized that novelty seeking could be the glue between schizophrenia and alcohol dependence (Dervaux et al. 2010 ). Ballon and colleagues found a link between childhood attention deficit hyperactivity disorder (ADHD), later sensation seeking in adults, and eventual cocaine dependence (Ballon et al. 2015) . Finally, as the population continues to age, focus within these paradigms may be turned onto the growing presence of debilitating diseasessuch as HIV-1 infection, Parkinson's disease, and Alzheimer's disease. Assessing the connection between novelty seeking and substance abuse in patients exhibiting these conditions may provide valuable information regarding potential pharmacologic and behavioral treatments. Regardless of the approach used in future research, novelty seeking will continue to be a key personality trait in individuals when predicting vulnerability to addiction.
